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Crystal structure of the yeast cell-cycle control protein, p13 suc1 , 
in a strand-exchanged dimer 

N Khazanovich 1+ , KS Bateman 1+ , M Chernaia 1 , M Michalak 2 and MNG James 1 * 



Background: p1 3^ from fission yeast is a member of the CDC28 /cinase 
specific (CKS) class of cell-cycle control proteins, that includes CKS1 from 
budding yeast and the human homologues CksHsl and CksHs2. pIS 81101 
participates in the regulation of p34 cdc2 t a cyclin-dependent kinase controlling the 
G^S and the G 2 -M transitions of the cell cycle. The CKS proteins are believed 
to exert their regulatory activity by binding to the kinase, in which case their 
function may be governed by their conformation or oligomerization state. 
Previously determined X-ray structures of pia 8001 , CksHsl and CksHs2 show 
that these proteins share a common fold but adopt different oligomeric states. 
Monomeric forms of p1 3 suc1 and CksHsl have been solved. In addition, CksHs2 
and p1 3^ have been observed by X-ray crystallography in assemblies of strand- 
exchanged dimers. Analysis of various assemblies of the CKS proteins, as found 
in different crystal forms, should help to clarify their role in cell-cycle control. 

Results: We report the X-ray crystal structure of p1 3 suc1 to 1 .95 A resolution in 
space group C222 v It is present in the crystals as a strand-exchanged dimer. The 
overall monomeric fold is preserved in each lobe of the dimer but a single p-strand 
(Ile94-Asp1 02) is exchanged between the central p-sheets of each molecule. 

Conclusions: Strand exchange, which has been observed for p1 3 suc1 in two 
different space groups, and for CksHs2, is now confirmed to be an intrinsic 
feature of the CKS family. A switch between levels of assembly may serve to 
coordinate the function of the CKS proteins in cell-cycle control. 
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Introduction 

pl3 sucl from fission yeast (Schtzosaccharomyces pombe) is 
essential for cell viability [1-4] and is a member of the 
67DC28 kinase specific (CKS) class of cell-cycle control 
proteins. This 13 kDa protein binds to p34 cdc2 [5], a 
cyclin-dependent kinase fundamental to the G 2 -M and 
Gj-S phase transitions of the cell cycle [6-8]. Throughout 
the cell cycle, levels of the kinase remain constant [9] so 
that the intricate regulation of its activity depends on the 
actions of other proteins such as cyclins, phosphatases, 
kinases and pl3 sucl [10,11], The interaction between 
pl3 sucl and p34 cdc2 was first noticed when a temperature- 
sensitive mutant of p34 cdc2 kinase was rescued by the 
overexpression of pl3 sucl [1,12]. A similar result was 
obtained for CKS1 and a temperature-sensitive mutant of 
CDC28, the Saccharomyces cerevistae homologues of pl3 sucl 
and p34 cdc2 , respectively [13]. This interaction may apply 
to a wide range of species, as homologues of both pl3 sucl 
and p34 cdc2 kinase have been found in plants [14] and 
other eukaryotes [15,16]. 

In other studies, pl3 sucl has been proposed to inhibit 
p 3 4 cdc2 ki naS e [3,17,18]. Overexpression of pl3 sucI resulted 
in a delayed entry into mitosis [1]. It was suggested that 
pl3 sucl prevented the dephosphorylation of Thrl4 or 



Tyrl5 on p34 cdc2 required for kinase activation [17]. The 
exact mode of action of pl3 sucl is not currently under- 
stood. This protein is not a substrate for the kinase [5], 
and does not appear to possess any catalytic activity. 
pl3 sucl probably functions by binding to the cyclin-depen- 
dent kinase (CDK). In this case, regulation may involve 
changes in conformation or oligomerization of pl3 sucI . In 
order to elucidate the mechanism by which pl3 sucl regu- 
lates p34 cdc2 kinase, it is useful to examine the various 
assemblies of pl3 sucl and its homologues that have been 
found in different crystal forms. 

The crystal structure of pl3 5Ucl originally revealed a 
monomeric form of the molecule [19]. Structures of the 
two pl3 sucI homologues from humans, CksHsl and 
CksHs2, have also been determined [20,21]. The overall 
fold of the proteins from S. pombe and from humans is very 
similar. However, different levels of assembly were 
observed for the human isoforms. CksHsl is a monomer, 
while CksHs2 forms a hexamer consisting of three dimers. 
In the monomeric structures of pl3 sucl and CksHsl, the 
C-terminal p-strand participates in a four-stranded p-sheet 
(Fig. la). In the CksHs2 dimer, each monomer contributes 
its C-terminal p-strand to the four-stranded p-sheet in the 
adjacent monomer, forming a tight dimer association. 
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Figure 1 




The two forms of p1 S 8 " 01 . (a) The monomer of 
pIS** 1 , observed in the hexagonal space 
group (p13hex) (19]. (b) The strand- 
exchanged dimer of p1 3*** (p1 3or). Two 
symmetry-related CHAPS molecules are 
present in the arch of the dimer. Labelling of 
secondary structure of p1 3or corresponds to 
that shown in Figure 3. The first a-helix has 
been designated as two helical segments, a 1 ' 
and ct1 ", separated by a kink at Pro20. The 
first p-strand is aJso divided into pT and 01" 
by a (J-bulge at Pro29. Strand 04* originates 
from the strand-exchange partner. (Figure 
generated using MOLSCRIPT [37].) 



Recently, a strand-exchanged dimer of pl3 sucl , similar to 
the one found for CksHs2, has been observed in space 
group PZ^Z^^ [22]. We report the crystal structure of 
pl3 sucI , also in a strand-exchanged dimer, in space group 
C222 t (Fig. lb). The new pl3 sucl structure extends the 
idea that oligomerization controls the function of pl3 sucl 
and its homologues, and demonstrates that the unusual 
strand-exchange interaction is common to this family of 
cell-cycle control proteins. 

Results and discussion 

The p13 8uc1 strand-exchanged dimer 

The structure of pl3 sucl has been solved in the orthorhom- 
bic space group C222j (pl3or) and has been found to form 
a strand-exchanged dimer (Figs lb,2). The protein 
studied here was recombinant pl3 sucl , which contained 
residues Ser2-Lysl06. The N-terminal methionine and 
seven C-terminal residues have probably been removed 
during expression by aminopeptidase and tryptic cleav- 
ages, respectively. The final model includes residues, 
Ser2-Aspl02, 72 water molecules and a portion of 
the detergent 3-[(3-cholamidopropyl)dimethylammonio]- 
1-propanesulfonate hydrate (CHAPS) (Fig. lb). Residues 
103-106 are not defined in the electron-density map, and 
are believed to be highly disordered in the crystal. The 
R-factor is 18.7% for 8500 reflections (Table 1). The 
model has good stereochemistry, and all residues fall 
within the allowed regions of the Ramachandran plot [23]. 
pl3 sucI has been solved previously in a hexagonal space 
group (pl3hex) where it was found as a discrete monomer 
[19]. The pl3hex monomer consists of a four-stranded 
antiparallel p-sheet flanked on one edge by three helices 
forming a wedge-shaped molecule (Fig. la). The fold of 
each lobe of the strand-exchanged dimer is essentially the 
same as that of the pl3 sucl monomer (Table 2); however, 
in the pl3or dimer, a crystallographic twofold symmetry- 
related molecule contributes strand p4 to the four- 
stranded p-sheet (Fig. lb). The segment of polypeptide 
connecting p3 to p4 adopts an extended conformation in 
the dimer, but forms a loop in the monomer. 



Comparison of p13or with the CksHs2 strand-exchanged 
dimer 

The strand-exchange interaction has been observed for 
another member of the CKS family, the human homo- 
logue GksHs2. CksHs2 is shorter than pl3 sucl , missing 19 
residues at the N terminus, six at the G terminus, and a 
9-residue loop from Phe56-Arg64 (Fig. 3). It is interesting 
to compare the nature of strand exchange observed for 
pl3 sucl and CksHs2. The cross-over occurs at the same 
location in the sequence, where a significant number 
of conserved residues are found (Fig. 3), but there 
are notable structural differences between the strand- 
exchange regions of the two proteins. 

The pl3 sucI and CksHs2 dimers contain a crystallographic 
twofold symmetry axis at the centre of the strand- 
exchange region (Fig. 4a,b). The axis is found between 
His88 and His88' in pl3 sucl , and between Glu63 and 
Glu63' in CksHs2. In the sequence alignment, however, 
Glu63 of CksHs2 corresponds to Glu91 of pl3 suc \ which is 
three residues away from His88 (Fig. 3). As a result, differ- 
ent residues are juxtaposed within the two strand- 
exchange regions, placing the lobes of the pl3 sucl dimer 
closer together than those of CksHs2. For instance, the Ca 
atoms of Tyr85 and Tyr85' in pl3 sucl are 22 A apart, 
whereas Tyr57 and Tyr57' in the C subunits of CksHs2 are 
separated by 38 A, demonstrating that the strand-exchange 
region in pl3 sucl is more compact than in CksHs2. 

In addition, the pl3 sucl polypeptide chain changes direc- 
tion at Tyr85 and bends at Pro92, such that the two 
exchanging strands of pl3 sucl point in different directions 
with respect to the strands of CksHs2 (Fig. 5a). As a result, 
the pl3or dimer is significantly bent in comparison with 
the CksHs2 dimer. The bending is probably caused by the 
nine-residue insertion (56-64) in pl3 sucl relative to the 
CksHs2 sequence (Fig. 3). These nine residues increase 
the size of the loop connecting a.2 and a3 in pl3 sucl . The 
possibility of a sterically unfavourable interaction with 
residues in this loop may prevent the exchanged strand, p4, 
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Figure 2 



Electron density of the strand -exchange 
region, (a) Electron density with phases 
derived from the molecular replacement 
model (p13hex), initially refined with X-PLOR 
[32]. The phasing model included a loop 
connecting £3 to p4, rather than an 
exchanged strand. Residues Tyr85-Pro92 of 
the final refined model are shown (2F 0 -F C 
density, contoured at 1a). (b) Electron density 
with phases derived from the final refined 
model (p13or) omitting residues 85-92. A 
water molecule in this region (represented by 
+) was not omitted. The final refined model is 
shown, residues Tyr85-Pro92 (F 0 -F c density, 
contoured at 2a). 




from following the same direction as the equivalent strand 
in CksHs2. In a superposition of CksHs2 with pl3or, the 
CyZ atom of Ile59 from the CksHs2 strand is only 2.4 A 
away from Thr62 in the pl3or loop. The position corre- 
sponding to I!e59 in CksHs2 is occupied by Val87 in 
p!3 sucl . This p-branched residue would presumably make 
a similar close contact with the a2-a3 loop if the pl3 5UCl 
strand followed the same path as in CksHs2. The kink at 
Pro90 also appears to be required to avoid a steric collision. 

With the exception of the two sites of difference, Tyr85 
and Pro92, the exchanged strands of both proteins adopt 
similar extended conformations, as judged by their main- 
chain dihedral angles (Table 3). The exchanged strands 



are also stabilized in a similar manner in both dimers (Fig. 
4a,b). At the centre of the pl3or cross-over region, Val87 
C-y of one monomer interacts with Val89' Oy of the sym- 
metry-related monomer. Within each strand there are two 
salt bridges: between Glu86 and His88, and between 
Glu91 and His93 (Fig. 4a). In CksHs2, the aliphatic 
portion of the Glu63 side chain (Cp, C7) appears to make 
a hydrophobic contact with the side chain of Glu63' from 
the strand in the other monomer. His60 participates in 
electrostatic interactions with Glu61 and Glu63 in the 
same strand. In neither case are p-sheet main-chain hydro- 
gen bonds found between the exchanging strands. 
Although the exchanging strands run in antiparallel direc- 
tions in both dimers, in p!3or they are skewed (Fig. 4a). 
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Table 1 



Data collection and refinement statistics. 



Data collection 

resolution range (A) 50-1 .95 

number of crystals used 1 

number of observations 53 600 

number of unique reflections 9859 
Completeness of data (%) 

all data 97.5 

1.98-1.95 A 81.4 

F>1a 96.8 

Rmerae (%) 4.88 

Final refinement parameters 

resolution range (A) 6.0-1 .95 

number of protein atoms 848 

number of solvent atoms 72 

number of detergent atoms 26 

R-factor (%) 1 8.7 

Free R-f actor (%) 24.1 

Rms deviations from ideal geometry for the protein 

bond lengths (A) 0.006 

bond angles (°) 1 .422 

planar groups (°) 0.0 1 7 

Average B-f actors (A 2 ) 

main-chain 20.8 

side-chains 27.0 

solvent 41.5 
CHAPS 32.8 (occupancy=0.67) 



Space group: C222,. Unit cell dimensions: a=43.27 A, b=55.28 A, 
c=1 1 1 .80 A. V m =2.7 A 3 Da' 1 , one molecule per asymmetric unit. 

Despite the different overall shapes of the pl3or and 
CksHs2 strand-exchanged dimers, their domains super- 
impose well (Table 2). The shape disparity probably 
stems from the need to accommodate a longer a2-ct3 loop 
in pl3 sucl . The loop enforces a bend and a twist in the 
strand-exchange region, which decreases the distance 
between the lobes of the pl3 sucl dimer relative to CksHs2. 
In the CksHs2 structure, three strand-exchanged dimers 
are assembled into a hexamer [21]. Because the pl3 sucl 
dimer is bent with respect to CksHs2, further assembly 

Figure 3 



S.pombe pl3 flUCl 
S . cerevisiae CKSl 
Human CksHs2 
Human CksHsl 
P.vulgata CKSl 



S.pombe pl3 ,ucl 
S. cerevisiae CKSl 
Human CksHs2 
Human CksHsl 
P.vulgata CKSl 



Sequence alignment of p13 8uc1 from S. pombe and its homologues, 
CKS1 from S. cerevisiae, human CksHsl and CksHs2, and CKS1 
from Patella vulgata [16]. p13 8UCt numbering and secondary structure 
elements of p1 3or are indicated above the sequence. (a1' and a2 are 



Table 2 



Rms deviations for superposition of p13or, p13hex and CksHs2 
in the common regions. 





p13or 


p1 3hex(A) 


p13hex(B) 


CksHs2(C) 


p13or 




0.71 


0.58 


0.81 


p13hex(A) 


348(mc)* 




0.43 


0.83 


p13hex(B) 


348(mc)* 


384(mc) f 




0.70 


CksHs2(C) 


52(Ca)* 


52(Ca)* 


52(Ca)* 





Superpositions were calculated with the program O [33J. Values 
above the diagonal are rms deviations (in A). Betow the diagonal, the 
number of atoms used in the superposition is given with the atom type 
in parentheses {mc=main chain; Ca=a-carbon). 'Residues 8-85, 
93-1 01 (p1 3hex) versus 8-85, 93'-1 01 ' (pi 3or). Residues 6-1 01 . 
♦Residues 5-26, 37-57, 65-73' (CksHs2) versus 24-45, 65-85, 
93'-101'(p13or). 

into a similar hexamer does not appear possible. The 
human and S. pombe homologues may thus involve differ- 
ent multimeric states for activity. 

Comparison of p13or with the previously determined 
p13sud strand-exchanged dimer 

The strand-exchanged dimer of pl3 sucl has now been 
observed in two space groups: P2,2,2 1 with two dimers in 
the asymmetric unit [22] and C222,. A comparison of the 
three dimers is shown in Figure 5b. A superposition of one 
monomer from each of the three dimers orients its strand- 
exchanged partner such that a twist becomes evident. The 
most striking feature in the comparison of pl3or with the 
previously described strand-exchanged dimers is that 
pl3or exhibits a twist which is of intermediate severity rel- 
ative to the P2,2,2, dimers [22]. In effect, this set of struc- 
tures defines a motion in the strand-exchanged dimer. 

A comparison of the main-chain dihedral angles shows 
that the conformations of the residues in this region do 
not differ significantly among the three independently 



3 10 -helices.) The residues involved in strand exchange in p13 8uc1 and 
in CksHs2 are shown bold. Boxes indicate conserved residues. Q 16 in 
the S. cerevisiae CKS1 sequence indicates a run of 1 6 glutamine 
residues. 
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Figure 4 



The strand-exchange regions of p1 3or and 
CksHs2. (a) p1 3or, residues 83-93. 
(b) CksHs2, subunits C, residues 57-69. In 
both cases, primed numbers indicate residues 
of the symmetry-related strand. 



(a) 





EST 



W3T 



(b) 




per 




P6V 



determined dimers (Table 3). The twist cannot be attrib- 
uted to any specific residue. This is illustrated in Figure 5c. 
In fact, the conformational change is smoothly distributed 
through residues 85-92, which supports the idea that this 
region of the monomer represents a flexible hinge [22]. 
The pl3or structure, however, does not reveal whether the 
inherent flexibility of this region allows the pl3 sucl dimer 
to twist past the limits observed in the P2 1 2 1 2, structures. 

A detailed view of the strand-exchange regions of the 
pl3 sucl dimers is presented in Figure 5c. The monomers 
in the pl3or dimer are related by crystallographic twofold 
symmetry and are therefore identical. In the previously 
determined dimers, however, no internal symmetry was 
present and the monomers comprising each dimer dif- 
fered slightly. Overall, however, this region is very similar 



in the three dimers. Side chains for which the orientations 
are modelled differently, such as His88, are poorly defined 
in the electron density (Fig. 2b and [22]). 

Finally, the prevalence of strand exchange in pl3 sucl is 
confirmed by the observation of the dimer in two different 
space groups. 

Comparison between the discrete monomer and the 
strand-exchanged dimer of pi3 suc1 

Figure 6 illustrates the dramatically different conforma- 
tions adopted by residues 85-91 in the pl3hex monomer 
relative to the pl3or strand-exchanged dimer. The fact 
that the main-chain dihedral angles vary between pl3or 
and pl3hex throughout this region (Table 3), indicates that 
all of these residues contribute to the shape difference. 
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The strand-exchanged dimers. 

(a) Superposition of the CksHs2 monomer 
(magenta) [21] on the p1 3or monomer (red). 
Also shown are strand-exchange partners of 
both molecules (CksHs2, cyan and p1 3or, 
yellow). Arrows indicate residues in the 
strand-exchange region, Tyr85 and Pro92, 
which have significantly different 4> and vji 
angles in p13or and in CksHs2. The loop 
between ot2 and ot3, which is longer in 

p1 3*** than in CksHs2, is also indicated. 

(b) Comparison of the p1 3*** dimers with the 
left-hand monomer superimposed illustrates a 
twist in the dimer. The p1 3or dimer is shown 
in red. The two dimers in the asymmetric unit 
of the P2 1 2 1 2 1 structure [22] are shown in 
orange and magenta, (c) Superposition of the 
strand-exchange region of two p1 3 3m * dimers 
from the P2,2 1 2 1 asymmetric unit (yellow and 
blue) with p13or (red). In p13or, two ordered 
water molecules, related by twofold symmetry, 
are present. Each dimer from the space group 
P2 1 2 1 2 1 has only one water molecule in this 
region. (Panels (a) and (b) generated with the 
program Raster3D [38]; panel (c) generated 
with MOLSCRIPT [37].) 



In the discrete monomer, there are two prominent patches 
of conserved residues, one consisting of hydrophobic 
amino acids, and the other of positively charged amino 
acids (Fig. 7a). The hydrophobic patch contains residues 
Tyr31, Tyr36, Tyr38, His40, Met42, Tyr85, His88, Val89, 
Pro90, Pro92, Ile94 and Leu96. This patch is altered 
bystrand exchange in pl3or (Fig. 7b). The hydro- 
phobic surface of the monomer merges with that of its 



strand-exchange partner to yield an arch lined by hydro- 
phobic residues. In the strand-exchanged dimer, the hydro- 
phobic patch on each lobe is less accessible than in the 
pl3hex monomer due to the proximity of the strand- 
exchange partner and the presence of a CHAPS molecule 
(Figs lb,7b). Two symmetry-related CHAPS molecules 
are found within the arch. The 03 atom of each CHAPS 
molecule makes a hydrogen bond to the carbonyl oxygen 



Table 3 



Comparison of strand-exchange region of p13or with the corresponding regions of CksHs2, pl3hex and the p13 suc1 dimers from 
space group P2 1 2 1 2 l (pi 3' and p13"). 



Sequence lp13or-CksHs2(C)l lp13or-p13hexl lp13or-p13'l lp13or-p13"l 



p13 8uc1 


CksHs2 


A<M°) 


AiM°) 


A* 0 


A+f) 


A<M°) 


A* n 


A4>n 


A+ n 


Tyr85 


Tyr57 


48 


175 


46 


172 


1 


0 


34 


6 


Glu86 


Met58 


24 


22 


95 


18 


8 


7 


10 


21 


Val87 


Ile59 


7 


8 


16 


6 


22 


41 


18 


3 


His88 


His60 


37 


39 


24 


138 


20 


29 


16 


18 


Va)89 


Glu61 


38 


28 


61 


170 


20 


3 


7 


13 


Pro90 


Pro62 


14 


4 


16 


145 


20 


22 


13 


26 


Glu91 


Glu63 


26 


23 


86 


84 


6 


9 


0 


13 


Pro92 


Pro64 


4 


177 


13 


9 


8 


12 


12 


4 



The absolute values of differences in main-chain dihedral angles are shown. 
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Figure 6 



Comparison of the strand -exchange region of 
pi 3or with the corresponding loop in p1 3hex. 
Residues in p1 3or and in its strand-exchange 
partner are shown in grey and white, 
respectively. The corresponding loop in 
p1 3hex is shown in black. (This figure was 
generated using MOLSCRIPT [37].) 



E91 





E91' 



of His88 and there are several van der Waals contacts 

o 

within 4 A observed between the detergent and residues 
in the hydrophobic patch (Tyr31, His40, Tyr85, Val87, 
His88', Pro90' and Leu96'). The lack of electron density 
for the aliphatic tails of the detergent molecules suggest 
that they are probably quite mobile. It is possible that 
CHAPS mimics a hydrophobic patch on p34 cdc2 kinase 
that serves as the binding site for pl3 sucl . Alternatively, 
the detergent may represent a biologically relevant lipid or 
phospholipid, which could imply a connection between 
the control of multimeric assembly of pl3 sucl and the 
phospholipid membrane. 

The second conserved region, a patch of positively 
charged residues (Arg30, Arg39 and Arg99), has been 
shown to bind a sulphate anion in the CksHs2 crystal, and 
is proposed to be the potential binding site for phosphate 
on the target protein [4,21). The same cluster is found 
in the pl3or structure, but Arg99 originates from the 



strand-exchange partner. A chloride ion is bound to this site 
in the previously determined pl3 sucl strand-exchanged 
dimer [22]. In p!3or, the positive charges are partially bal- 
anced by Glul6 and Glul9 of a symmetry-related mol- 
ecule, rather than by an external anion. This electrostatic 
interaction with a symmetry-related molecule is similar to 
the one observed in pl3hex. The fact that a potential 
binding site for a phosphate group on CDK has been pre- 
served intact in the strand-exchanged dimer, suggests that 
the dimerization of pl3 sucl mediated by strand exchange 
results in aggregation of the CDK. This idea has been 
proposed by Parge etaL in regard to CksHs2 [21]. 

In the structure of pl3hex, the asymmetric unit contained 
two molecules held together by the coordination of two 
zinc ions and by a network of electrostatic protein-protein 
interactions. In the case of pl3hex, zinc had been 
included in crystallization trials, based on the observation 
that this metal caused dimerization of pl3 sucl in solution 



Figure 7 



Comparison of conserved surface patches in 
p1 3or and p1 3hex. The conserved 
hydrophobic patch is shown in orange, and 
the positively charged patch in purple for 
(a) p1 3hex [1 g] and (b) p1 3or. The CHAPS 
molecule is shown in green with the oxygen 
atoms in red. The molecular symmetry twofold 
axis is vertical in this view. (Figure generated 
with the program GRASP [39].) 
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[19], Zinc was not used in the crystallization of pl3or, and 
the assembly observed in the pl3or crystal is a strand- 
exchanged dimer. A monomer interface similar to the one 
found in the pl3hex asymmetric unit is also present in the 
pl3or crystal. The interface is on the side of the molecule 
opposite to that where strand exchange occurs, and results 
from crystal packing around a twofold axis (Fig. 8). Thirty 
water molecules are present at this interface in pl3or. The 
two monomers in the orthorhombic crystal are farther 
apart than in the hexagonal system and consequently the 
electrostatic interactions between them should be weaker. 

The pl3or and pl3hex [19] structures are interesting from 
a protein folding perspective. The identical sequence 
(YEVHVPEP, 85-92) adopts two very different conforma- 
tions in the monomer and the strand-exchanged dimer. 
The result of changing the conformation of these eight 
residues is minimized by effectively keeping the environ- 
ment of the residues preceding and following them con- 
stant. The exchanged p-strand (p4) makes the same 
contacts in the dimer as in the monomer. Therefore, the 
conformation of the segment from Tyr85-Pro92 is deter- 
mined not only by its sequence, but also by the sequences 
of residues surrounding it. Questions consequently arise 
regarding the dynamics of the strand-exchange event. 
What triggers the monomer-dimer switch? How does the 
exchange take place? Does dimer association precede 
strand release from the monomer? Does the p-strand 
unthread from its sheet, or does it snap out in a 'mouse- 
trap 1 mechanism, as proposed by Arvai et al. for CksHsl 



Figure 8 




Superposition of p1 3hex and p1 3or. The asymmetric unit of p1 3or 
(red) is superimposed on subunit A of p1 3hex (blue) [1 9]. Also shown 
is a symmetry-related monomer of p1 3or (green), which illustrates that 
a similar interface exists in both crystal forms. (Figure generated with 
the program Raster3D [38].) 



[20]? Further biochemical and theoretical studies on the 
sucl/CKS system should help to clarify these points. 

Strand exchange in pl3 sucl may be considered a domain- 
swapping phenomenon, a number of which have recently 
been described in the literature [24]. For instance, bovine 
seminal ribonuclease forms a dimer by exchanging N-ter- 
minal a-helices [25]. Similarly, a mutant of staphylococcal 
nuclease has been shown to dimerize by swapping C-termi- 
nal a-helices [26]. The cytokine, interleukin-5, exchanges 
a C-terminal strand and helix between monomers [27]. 
Other examples are pB2-crystallin [28] and diphtheria 
toxin [29], which swap entire domains to achieve dimeriza- 
tion. Clearly, domain swapping is an efficient way of 
forming a tightly associated dimer. It will be interesting to 
see if any other biological systems adopt this means of 
assembly, and how domain-swapping affects their function. 

The process of strand exchange may also be compared 
with the conformational change proposed to be the basis 
of the inhibitory activity of serpins. In the serpins, a 
segment of polypeptide is believed to undergo a large 
movement and insertion into a p-sheet [30], similar to the 
latter part of strand exchange in pl3 sucl . 

Biological implications 

The CDG28 kinase specific (CKS) cell-cycle control 
proteins regulate specific cyclin-dependent kinases 
(GDKs). Although the exact mechanism of action of 
the CKS proteins is not yet clear, it is believed to 
involve binding to the target GDK. This interaction 
may be dependent on the oligomeric state of the CKS 
protein. An understanding of the oligomerization 
properties of the CKS proteins is therefore crucial to 
the elucidation of their function. 

The Schizosaccharomyces pom be protein, pl3 sucl , 
a member of the CKS family, has been found in 
two conformations, the monomer and the strand- 
exchanged dimer. Two different oligomeric assem- 
blies, a monomer and hexamer consisting of three 
strand-exchanged dimers, have also been observed 
for its closely related human homologues, CksHsl 
and CksHs2, respectively [20,21]. In addition, 
hydrodynamic studies have shown that different 
multimeric states are possible for these proteins 
[20,21]. These results suggest that the switch 
between a monomer and a strand-exchanged assem- 
bly may govern the function of pl3 sucl perhaps by 
controlling the multimeric state of the protein or the 
integrity of the conserved surface patches. Finally, 
each form of the protein may possess different func- 
tional properties, which may account for the appar- 
ent paradox that pl3 sucl inhibits its wild-type target, 
p34 cdc2 , but rescues a temperature-sensitive mutant 
of this same kinase. 
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Materials and methods 

Materials 

The Mono Q FPLC column and Sepharose CL6B were obtained from 
Pharmacia (Uppsala, Sweden). Bio-Get hydroxyapatite beads were 
from Bio-Rad (Hercules, CA). Benzamidine, phenylmethylsulfonyl 
fluoride (PMSF), (A/-[A/-(L-3-frans-cartx>xyoxirane-2-cart)onyl)-L-leucyl]- 
agmatine, aprotinin, leupeptin, pepstatin, L-1-chloro-3-(4-tosyfamido)-7- 
amino-2-heptanone hydrochloride, 1-1 -chloro-3-(4-tosy!amido)-4-pheny1- 

2- butanone, (4-amidinophenyl)-methansulfonyl flouride, phosphoramidon, 
dhhiothrertol, isopropyl-p-D-thiogalactoside (IPTG) and dimethyl-sulfoxide 
(DMSO) were obtained from Boehringer Mannheim (Indianapolis, IN). 

3- [{3-Cholamidopropyl)dimethylammonio]-1 -propane sulfonate hydrate 
(CHAPS) was obtained from Sigma (St. Louis, MO) and polyethylene 
glycol 2000 monomethyl ether (PEG MME 2000) was from Ruka 
(Ronkonkoma, NY). The BL21 (DE3) Escherichia coii host containing 
the P13 8 " 01 expression vector was a generous gift of Dr J Wang, 
University of Calgary. All chemicals were of the highest grade available. 

Expression and isolation of recombinant p13 suc1 
Modified procedure of Brizuela et al. [5] was used for purification of the 
p138uci usec j f or trte crystallographic studies. An overnight culture of 
BL21(DE3) cells containing the pIS 8001 expression vector was trans- 
ferred to fresh medium (Luria broth containing ampicillin at 50 ug ml -1 ), 
and grown to mid-log phase (OD 600 =0.6-1 .0) followed by the induc- 
tion of the expression of the fusion protein for 3.5 h with 0.1 mM IPTG. 
Cells were spun down at 35000 for 20 min and the pellet was resus- 
pended in 1 mM EDTA and 50 mM Tris, pH 7.0 in the presence of a 
mixture of the following proteinase inhibitors made in 2000 times stock 
solution in 50% (v/v) DMSO: 0.5 mM benzamidine, 0.5 mM PMSF, 
0.5 ug ml -1 of (A/-[A/-(L-3-frans-carboxyoxirane-2-carbonyl)-L-leucyl]- 
agmatine, 0.1 ug ml -1 of aprotinin, 0.5 ug ml -1 of leupeptin, 0.5 ug ml -1 
of pepstatin, 50 ug ml" 1 each of L-1-chloro-3-(4-tosylamido)-7-amino-2- 
heptanone hydrochloride and L-1-chloro-3-(4-tosylamido)-4-phenyl-2- 
butanone, 0.1 ug mM of (4-amidinophenyl)-methansulfonyl fluoride, 
50 ug ml -1 of phosphoramidon. Cells were lysed by passage through a 
French Press set at 1000 psi. The extract was centrifuged at 10000o 



for 1 0 min and the supernatant (containing the fusion protein) was then 
assayed for protein content The soluble fraction was loaded on a 
1 .5x80 cm Sepharose CL6B column and eluted with 1 mM EDTA and 
50 mM Tris, pH 7.0 at a flow rate of 0.3 ml min" 1 . Fractions of 3 ml 
volume were collected and analyzed by SDS-PAGE. Fractions contain- 
ing p1 3*"°* were diahyzed for 1 8 h against a buffer containing 50 mM 
Tris, pH 7.0. The dialyzed sample was applied directly onto a Mono Q 
FPLC column that had been washed with three column volumes of 
50 mM Tris, pH 8.0. Elution was carried out with a salt gradient 
(0-300 mM Nad) in 50 mM Tris, pH 8.0 at a rate of 1 ml min" 1 . Frac- 
tions of 1 ml volume were collected and analyzed by SDS-PAGE 
Samples containing pIS 8 " 01 were again loaded on a Sepharose CL6B 
column equilibrated with 50 mM Tris, pH 7.0. Fractions of 3 ml volume 
were collected followed by dialysis for 1 6 h against 1 0 mM potassium 
phosphate, pH 7.0. Further purification of pIS** 1 was achieved by 
hydroxyapatite chromatography. The sample was loaded onto a hydrox- 
yapatite column (2cmx15cm; flow rate 0.5 ml min" 1 and unbound 
protein was washed out with 1 50 ml of 1 0 mM potassium phosphate, 
pH 7.0. The bound proteins were eluted with a 400 ml linear gradient 
of 10 mM to 1000 mM potassium phosphate, pH 7.0. Fractions of 
5 ml volume were collected and analyzed for the presence of P13 8 " 01 
by SDS-PAGE. 

N-terminal sequencing revealed that the N-terminal methionine had 
been removed and that the recombinant p1 3 8uc1 starts at Ser2. Electro- 
spray mass spectrometry confirmed that this protein contained 105 
residues (2-106). Four residues at the C terminus (107-113) had 
been removed during protein expression. 

Crystallization and data collection 

p13 8uc1 was crystallized in space group C222 1f a=43.27 A, 
b=55.28 A, c=1 1 1 .80 A, with one molecule in the asymmetric unit. 
Crystals were grown at room temperature by the vapour diffusion 
method. Sitting drops of 8 ul containing recombinant pIS 5001 
[12 mg ml" 1 in 38 mM LiCI, 38 mM Tris (pH 7.8), 9%(w/v) PEG MME 
2000 and 0.4% (w/v) CHAPS] were equilibrated with 1 ml of 25% 



Figure 9 



Electron density for CHAPS. 2F 0 -F C , 1a 
electron density and the CHAPS molecule 
from the current model. Only the first four 
carbons of the detergent tail are defined in the 
electron-density map. The complete structure 
of the detergent tail is 

-C 20 (CH3)(CH 2 ) 2 CONH(CH 2 )3N + (CH3) 2 (CH 2 ) 3 SO 3 -. 
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PEG MME 2000, 0.1 M UQ, 0.1 M Tris (pH 7.8). CHAPS was found 
to improve crystal quality. Seeding was used to obtain crystals suitable 
for data collection. X-ray diffraction data for a single crystal of p1 3 SUC * 
were collected at room temperature on a San Diego Multiwire Systems 
area detector to 1.95 A (Table 1). Graphite monochromated CuKa 
radiation was generated with a Rigaku rotating anode generator 
RU-200 BH operating at 40 kV and 1 50 mA. 

Structure determination and refinement 

The p13or structure was solved by molecular replacement using the 
AMoRe [31] package. Monomer A of the p13hex structure [19], 
residues 6-101 , was used as the search model. Rotation and transla- 
tion, followed by rigid-body refinement, produced a clear solution with 
a correlation of 0.63 and an R-factor (= SllF 0 l-lF c ll/2lF 0 l) of 41%. 
This model was then subjected to energy minimization and molecular 
dynamics in X-PLOR [32]. At this stage the electron-density map 
was examined in O [33] and revealed a poorly defined loop structure 
for residues 86-92. These residues, and residues 6 and 7, were 
excluded from further refinement with TNT [34], and were gradually 
built into the electron density to yield the strand-exchange model 
(Fig. 2a,b). Alternating cycles of TNT refinement with manual refitting, 
yielded a model which included residues 5-102, and 37 water mol- 
ecules. The R-factor of this model was 21 .0%, and the free R-factor 
[35] was 29.3% for all data between 20 A and 1 .95 A. At this point 
the electron-density map contained two features in the vicinity of the 
strand-exchange region that could not be assigned. The model was 
subjected to simulated annealing, energy minimization and B-factor 
refinement in X-PLOR [32]. The resulting electron-density map was 
sufficiently improved to allow the placement of the steroid nucleus of 
CHAPS, the detergent used in the crystallization, into one of the previ- 
ously unassigned peaks (Fig. 9), as well as the addition of residues 2, 
3 and 4 to the model. After several more rounds of energy minimiza- 
tion and B-factor refinement in X-PLOR, 45 more water molecules 
were added. The final model contains residues 2-102, 72 water 
molecules, and one CHAPS molecule per asymmetric unit. The final 
R-factor is 1 8.7%, and the free R-factor is 24.1% for all data between 
6.0 and 1.95 A (Table 1). 

The atomic coordinates have been deposited in the Brookhaven 
protein data bank [36] (entry ID PUC1). 
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